We explore discrimination of two types of leptonic Yukawa interactions associated with Higgs triplet,L c L ∆L L , and with SU (2) singlet doubly charged scalar,ē c R k ++ e R . These interactions can be distinguished by measuring the effects of doubly charged scalar boson exchange in the e + e − → ℓ + ℓ − processes at polarized electron-positron colliders. We study a forward-backward asymmetry of scattering angular distribution to estimate the sensitivity for these effects at the ILC. In addition, we investigate prospects of upper bounds on the Yukawa couplings by combining the constraints of lepton flavor violation processes and the e + e − → ℓ + ℓ − processes at the LEP and the ILC.
I. INTRODUCTION
Doubly charged scalar bosons sometimes play an important role in building models which explain neutrino masses and mixing. One of the representative scenarios is called type-II seesaw mechanism [1] [2] [3] in which an isospin triplet scalar field ∆ is introduced. Since ∆ has U(1) Y hypercharge Y = 1 1 , it contains an electrically neutral (δ 0 ), singly-charged (δ ± ), and doubly charged (δ ±± ) bosons, and directly couples to the isospin-doublet leptons at tree level
∆L L j . The neutrino mass matrix is induced after ∆ develops a vacuum expectation value (VEV) which violates the lepton number by two. To achieve the smallness of neutrino masses, the VEV of ∆ or/and the Yukawa couplings h ij have to be small. Another type of interaction is often employed in radiative seesaw models, such as the ZeeBabu model [4] , in which doubly (singly) charged scalar bosons, k ±± (h ± ), are introduced as an isospin singlet; the topology of neutrino mass generating diagram was shown in Ref. [3] for the first time. Then k ±± directly couples to the isospin-singlet leptons at tree level via
, which is also a source of lepton number violation by two unit. The neutrino mass matrix is generated at two-loop level via several terms related to the doubly (singly) These two types of Yukawa interaction would also appear in many other neutrino mass models as a source of lepton number violation.
Thus it is important to analyze the interactions of doubly charged scalar bosons and charged leptons to discriminate models of neutrino 1 Here we apply the convention for hypercharge where electric charge is given by Q = Y + T 3 and the diagonal generator of SU (2) gauge symmetry T 3 has eigenvalues {1, 0, −1} for a triplet. 2 Notice here that the upper bound on the triplet VEV is about a few GeV, which is derived by the fact that the deviation of the electroweak rho parameter from unity is severely constrained by experimental measurements. 3 This type of interaction also appears in left-right symmetric models [5] [6] [7] [8] [9] [10] associated with triplet scalar which couples to right-handed fermions. mass generation [11] . Searches for the doubly charged scalar bosons have been performed in the past and current collider experiments, and the most severe constraint is obtained by the same-sign di-lepton resonance searches at the LHC [12] [13] [14] [15] [16] [17] [18] . In addition, multi lepton signals are discussed including doubly charged Higgs production associated with singly charged Higgs [19, 20] . Assuming a large branching ratio of a certain di-lepton channel, the most stringent bound on the mass of doubly charged scalar bosons varies from 770 GeV to 870 GeV depending on the models and the decay branching ratio, which is obtained from the latest LHC data [18] .
The two bosons have also different interaction with the electroweak gauge bosons. Namely the doubly charged scalar boson of triplet models can couple to a pair of charged gauge bosons, W ± 's, at tree level. The decay branching ratio to the same-sign W W can be large if the triplet VEV is as large as O(0.1 − 10) MeV depending on the mass itself. Thus the search for such events provides an unique signature of the triplet model [21] [22] [23] . Production of doubly charged scalar bosons via the W W -fusion process is also expected in the tripletlike models, such as the Georgi-Machacek model [24] , which realize a large triplet VEV to make the production cross section sizable [25] [26] [27] .
In this paper, we study the effects of the doubly charged scalar boson exchange in [28, 29] at future lepton colliders. We consider the initial-state polarization to discriminate the two types of the interactions, and study the bounds of their masses and couplings probed at the future international linear collider (ILC) experiment [30] . Furthermore, we discuss prospects of constraining model parameter space by combining the current and future constraints of lepton flavor violating (LFV) processes as well as the constraints at the LEP experiment [31] .
The paper is organized as follows. In Sec. II, we discuss constraints from LFV processes.
In Sec. III, we consider the effects of doubly charged scalar bosons to the e + e − → ℓ + ℓ − processes at lepton colliders, and study the constraints on the mass and couplings of these bosons by using the forward-backward asymmetry. In Sec. IV we summarize the constraints and prospects of future bounds on the relevant effective couplings with numerical analysis.
Sec. V is devoted for conclusions and discussions. 
II. LFV PROCESSES
In this section, constrains from LFV processes are reviewed where we summarize bounds of LFV processes on the two representative terms,L c L (iσ 2 )∆L L in Higgs triplet models, and e c R k ++ e R in Zee-Babu type models.
A. LFV processes in a Higgs triplet model
We discuss the LFV processes in a Higgs triplet model induced by following relevant
where h ij is a symmetric Yukawa coupling matrix, h ij = h ji , whose indices run over (e, µ, τ ), and σ 2 is the second Pauli matrix. Thus the doubly charged Higgs interactions are left-handed type in this case.
These Yukawa interactions induce LFV processes ℓ
and ℓ i → ℓ j γ at tree and one-loop levels, respectively, through virtual δ ±± and δ ± mediations as shown in Fig. 1 .
Then one obtains the constraints on the combination of h ij and masses of δ ± and δ Upper limits of BRs Constraints
TABLE II: A summary of constraints on the combination of couplings h ij from ℓ i → ℓ j γ decay branching ratios (BRs).
by comparing the measured branching ratios (BRs) of these LFV processes and those of model predictions. Table I summarizes the upper limits of the BRs and the corresponding constraints for the three-body decay processes [33] , and Table II summarizes the constraints from the upper limit of BR for µ → eγ given by the recent MEG experiment [34] , and from the upper limits of BRs for τ → µγ, eγ given by Ref. [35] applying results in Ref. [32] 5 .
The Yukawa interactions also induce µ − e conversion via the same one-loop diagrams which induce the µ → eγ process. The µ − e conversion rate R is approximately given by 5 The constraints are obtained from the analysis in the reference where we take into account the difference of notations mentioned in footnote 4. [41] TABLE III: A summary of parameters for the µ − e conversion formula in various nuclei: Z eff , [36] , and the bounds on the capture rate R.
the following form [36] :
where
δ ++ , and nucleus-dependent parameters Z eff , F , Γ capt as well as the bounds on R are listed in Table III . Then the resultant upper bounds for the Yukawa coupling are estimated once boson masses are fixed. Moreover future experimental bounds for N = (Ti, Al) can be estimated [37, 38] .
B.
LFV processes withē c R k ++ e R interaction
We proceed the same discussion as the Higgs triplet model in the case of
where h ′ ij is also a symmetric Yukawa matrix; therefore,h
Thus the doubly charged Higgs interactions are right-handed type in this case. Here notice that the constraint of the three-body decay ℓ i → ℓ j ℓ k ℓ ℓ are the same as that for the Higgs triplet model by replacing
On the other hand, the formulas for the constraint of ℓ i → ℓ j γ are different from those in the Higgs triplet case due to the absence of the singly charged scalar boson. Then the constraints on the combination of h ′ ij and the mass of k ±± [48] are summarized in Table IV .
Upper limits of BRs
TABLE IV: A summary of constraints on the combination of couplings h ′ ij from ℓ i → ℓ j γ decay branching ratios (BRs).
The constraint of µ − e conversion is also given by the following form:
where Z eff , F , Γ capt and the bounds on R are given previously.
III. COLLIDER PHYSICS
Here we discuss effects of the two types of Yukawa interactions for charged leptons and a doubly charged scalar boson in e + e − collider experiments. The interactions of Eqs. (II.1) and (II.4) contribute to the processes of e + e − → ℓ + ℓ − where the doubly charged scalar bosons propagate in the u-channel [29] . By taking the doubly charged scalar bosons as a heavy particle, we obtain the following effective Lagrangians from the Higgs triplet and Zee-Babu type interactions respectively:
where δ eℓ is the Kronecker delta, we used the Fierz transformation to get the relevant form of the interactions, and {F e , F µ , F τ } = {1/2, 2, 2} is a factor coming from the symmetric structure of the Yukawa couplings: 
Applying effective interactions Eq. (III.1) and (III.2), we then show constraints by using LEP results and prospects of exploring these interactions at the ILC.
Here, we emphasize merits of studying these scattering processes to constrain the effective interactions, which are (1) a particular coupling can be investigated in each process while combinations of different couplings are constrained by LFV processes, (2) right-handed and left-handed couplings can be clearly distinguished by using the polarized electron and positron beams.
A. The constraints from LEP experiment
The LEP constraints on the effective interactions are given in Ref. [31] in terms of Λ ℓ L,R which are obtained by fitting the scattering angular distribution in e + e − → ℓ + ℓ − processes.
We then rewrite the constraints for Λ ℓ L,R by the parameters in the original models using the relation Eq. (III.3). As a result the following constraints for each flavor ℓ are given in Higgs triplet case:
where we have applied Table 3 .15 of Ref. [31] taking only one of the Yukawa couplings to be non-zero. In a similar way, one obtains the following constraints for theē c R k ++ e R interaction:
B. The constraints from the ILC
Here we discuss the constraints on the effective interactions Eq. (III.1) and (III.2) at the ILC. At the ILC, doubly charged scalar effects are studied in 
(III.10)
where 
(III.13)
The case for the partially-polarized initial-state with the degree of polarization P e − for the electron beam and P e + for the positron beam is given as
Polarized cross sections are useful to distinguish the left-and right-handed type interactions;
e.g. a case of (P e − > 0, P e + < 0) is more sensitive to Λ R and less sensitive to Λ L . For the realistic values at the ILC, we consider the following two cases [30] :
16) defining polarized cross sections σ R,L .
To study the sensitivity to the doubly charged scalar effects, we consider the measurement of a forward-backward asymmetry at the ILC, which is defined as 17) where
L is an integrated luminosity, ǫ is an efficiency of observing the events, and a kinematical cut c max is chosen to maximize the sensitivity. For simplicity, we assume ǫ = 100% for A statistical error of the asymmetry for the SM is given by
(III.20)
where the values in the RHS are obtained by taking Λ ℓ L,R → ∞. We estimate the sensitivity to the scale Λ ℓ R/L (2σ confidence level) by requiring
(III.21) GeV and L = 1000 fb −1 are applied. For √ s = 500 GeV with an integrated luminosity L = 1000 fb −1 , we get the upper limit of Λ ℓ R/L which could be probed by using σ R and σ L as summarized in Table V ; here we take one of Λ ℓ L,R is finite value and others are set to be infinity assuming corresponding Yukawa coupling is zero. We thus find that the sensitivity to the scales of two types of the effective interaction is significantly different for each polarized cross section. Therefore the type of the interaction can be distinguished by comparing the results for different beam polarizations.
To explicitly see the discrimination, we show ∆A is not too large, and can distinguish a type of interaction by comparing σ L and σ R .
The scales we estimated for the case of the µ + µ − final-state are compared with those given in Ref. [44] where simulation studies of discovering new physics effects by fitting the scattering angular distribution are performed. We find that their method improves the achievable scale by about 20%-30% from our study using A F B . Therefore, we may expect such factors of improvement for the cases of e + e − and τ + τ − final-states too. Detailed study should be performed by including effects of beam-energy spectrum, electroweak higher-order corrections, and detector resolutions.
In addition, we present the results for different √ s and L in Tables VI, VII we obtain constraints on the couplings by |h eℓ |(|h
IV. SUMMARY OF THE CONSTRAINTS WITH NUMERICAL ANALYSIS
In this section, we summarize the constraints on the couplings h ij and h The upper (lower)-left plot in Fig. 3 shows the allowed region in the h ee -R Ti (R Al ) plane while the upper (lower)-right plot shows that in the h ′ ee -R Ti (R Al ) plane. In these plots, each red (purple) point indicates one set of generated Yukawa couplings which satisfies the constraints of LFV processes. We note that; (I) absence of points in lower-right region in each plot is due to the lower bound in generating Yukawa couplings |h ij |(|h than the other for left(right)-handed type interaction as we discussed in previous section.
In addition, the future upper bound of the µ − e conversion rate is shown by horizontal dashed line. We find that within the parameter sets we generated (|h ij |(|h Note that including fit to neutrino oscillation data LFV and LHC physics are investigated for effective theory obtained by integrating out the SM charged-leptons, an SU (2) singlet singly-charged scalar, and doubly-charged scalar in Ref. [46] . Then the relative size of Yukawa couplings are constrained from neutrino oscillation data and LHC can search for doubly charged Higgs where the signal is determined by branching ratio for decay process
If we find the signal of doubly charged Higgs at the LHC, the relative magnitude of Yukawa couplings can be investigated via branching ratio. One advantage of our analysis for lepton collider is that we can constrain absolute magnitude of some Yukawa couplings as we discussed above.
In our analysis we have not included fitting with neutrino oscillation data to investigate direct constraints on the Yukawa couplings associated with doubly charged scalar in general.
If we take into account neutrino oscillation data, relative size of Yukawa couplings are constrained; absolute sizes of Yukawa couplings are controlled by VEV of triplet in type-II seesaw case and by mass scale inside loop diagram in Zee-Babu type models. For example, in type-II seesaw case we obtain the relation h 11 > (<) h 22,33 for normal(inverted) ordering neutrino mass [47] . Also some constraints on relative sizes of Yukawa couplings can be obtained in Zee-Babu model from fitting to neutrino oscillation data [48] , which are weaker than the case of type-II seesaw since we have freedom to tune Yukawa couplings associated with singly charged scalar field. Therefore combining neutrino oscillation data and tests for effective operators at the ILC, we can further explore the parameter region for Yukawa couplings by specifying neutrino mass generation mechanism.
V. CONCLUSIONS
We have explored discrimination of two types of leptonic Yukawa interactions associated with a Higgs triplet or SU(2)-singlet doubly charged scalar boson where the former one appears in realization of type-II seesaw mechanism for neutrino mass generation and the latter one appears in Zee-Babu type models of radiative neutrino mass generation. 
